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S S leving i the teanalation of an article Uy

Ve sle ~tamcylov, inctitute of uencral and inorganic
veamlsiry ineni Ne S Kuraeloova, ol oSIR, woscow,
~wolisnacd an the okralinian eournal of fuysics, o 4,
Vol o, 19C4, pages 307-303%. 7
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2% auguzt 1963 30 vears 24 pustod sauce bhe tiio of the 2ub-
Ylention od tue classic worlt oy Sornal and Fowler on tac thoecery ol

Sow &4 aonie selutions /I7., This was tne owglnning ol e con=
Tomgorary stepge or investigotion of the structure of tiese Ligulids.
f . Q I3 1) - .~

.n ocumoction with the statea Gate it is approyriate to Lxtuine

; ) N P3N Pl ; . 2
Tl craelly, the conteuwiporary sbate of the problcw cencerning

: =} é’n o ©
th> structare of wate.
~.

BLAEY

The wost important résult in the work by Sernal und fowler
Zes in the ostabliswaent of the tetrahiedral nature ol the ctiuactiire
L ovnver,  wernal and rowlor turnsd thelr atteation to the Jollow-
iry waportant circwistance, sonnectca with the magniiude ou viw
woiinaty of waters Knowing the distance betweea ohic nearest ncle-
Culel 2 the structure ol lcc (2476 &), it caa Lu ascumed that the
oilcotive radius of 2 wolecule of water is 1.4 S, 10 wators UG-
srotwa thie structure of the Jdensest packing, tihen ot vhat ragius
Jou o wolecule the density of water would compriss 1.54 g/cm®.
so0 outnining a density widch is closc to 1,00 g/em” it is neccssary
t0 zssuwiac that either with & stiucture which coirresgonas to the
wetisost packing there is a consilderable increeass in the elffective
rodiue o8 a wwiecule of water (up to a value ol 1.72 X}, or (i
ou e tive radius of o molecule of water auring the .ielting OO ice
chitn,us 1ivele, but the structure of water dirlfers conslderavly
Iror She densest and is opene Dernal and r'owler acceptod that the
vofective radius ol a molecule of water compriscs le.4 &, and they
celenlated what would be the curve ol scattering if the structure
oy vatecr corresponded to a somewhat disordered denscst pucWing -
toe tiv gtructure of the type lec - tridymliteo and of the cuartc {yze.

4 curparicon of calcoculated curves with the then avullablo
crowrinental curves ol scattering ol XNerays by water siivwed that
curves, similar at all to experimentel, are obtalned cnly in the
ayoothocis ol the betraiiedral nature of the structure of waver,
wernal and id'dbwler cawme to the conclusiun that each woclecule o4
vat.or in water is surrounded on the averfge Lised on a fobtralisaran
vy four other molecules. The properties ol water shicn maike Lt o9
aillerent ifrom other liquids, according to vernar and cowlor, aro
conuitionod by the peculliarities of a tetrshudral siraicturs, in
sarticular its openness, and not by the occurrence cil cny nsengliates
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of mnloculos in water. Thesce ccnclusions of wcernal and Fowlow

were {ully confimaed by subscoucnt investigations on the strachr
of watcer,.

already in 1934 a papor by LKatzolf apearad /27 in

sy e J.LCA.,
vascd on data of the scattering ol X-rays by water, n c¢aleulation
Vs mad* 2L the curve of rauia l unﬁtr wubion of ita ”OIOuu¢Uao .
Ve Jirst nmazimum of tae carve io locateu an roximatlly ut 2,3 X,
T’Abﬂ uorroﬂoonus to an elfcetive radius ol 2 woleocule of 2, Toa=
saatcely 1,4 d, and the socond - at 1,5 k. The area unucr thu

sirct qxﬁmum ig c¢lose to [four units,. Thus shoe tetrolacaral
conrgihation of molecules in wateir 1s coenfirmed.

Tihe nmost complete X-rav inveestigotion ol water wags carricd
Cdi ©¥ mOrgan and Werren /3/, who doternined tie scattesing of
ALerayc Ly water at [ive tenmporatures: 1.5, 13, 30, 62, «nda vl U.
7.2 arca under tie (Cirst rmaxirmwi of curves of distributicrn, end
2lso avaclissac of the first and aecond wxinwas, ind'eabe thnt the
structnrae ol water (in the sence ol lecal order) 1s cimilar to thv
structure of ice 1. Tho position of the I;rut maximun cr the cuay
> radial . distribution changes irow 2.30 R at 1.5% to 3,08 X a%
63 Ceo average coordlnation number of molecules aszcording teo thw
‘sta of Jarren and .worgan chan,cs [rom 4.4 at 1.5° to d.u ot o3,
m‘c rcsulis ol sorgan and Jarron were later checkod and »»‘~¢ ica an
works by brady and Romanow /47, and also wanford and Levy /&7,
Those saowed the lnaccuracy in the vorks ol van fanthaleon van .l
and associates /G/. These nuthors came to an incorrect conclusion
that local order in water corrcsponds to a scinple cubic structure.
Thus, at the present timc tho tetrahedral nature of local crder o4
.aolecules in water is a reliably establisncd fact,

duwlver, wates uluders drom other liquius not only L7 ibs
open tetpalcdral structurc, bui also by the lect that the AR
order 24 . distribation of molecules which 35 inhorent to wabtos is
cxprosned in it considerably sirongesr than the lecnl ordor ol ulg-
trivuiion of particlos in ofhe; liquids, in particular thic stute-
mout is baged on the investigation od the peculiuritlies ou water
as 9 solvent, Certalin ions in aqueous uolut;ouu have an inheront
nog.tive hydration [7127 This phonomcnon aisounts to the Jact thot
in tha v¢cjn;fj of lous moleculcs of water becomo more nouwile thnn
in purs water: tho potential barrier wilch & molecule ci' wntur
Az to cvercome in order Lo cscapo {roa the noar surroundlng ou *ho
~on turns oui to e lecss than the eneryy of activation orf
lJasdion of moleculus 1in water, Tiae stated potentlial barricr provg
wath an incrdase of the interaction of the lon with the newrest
nlaculus of water (positive coniribuilun) and decreaues in connic=-
tiun wilth a disruption of the ionle structure of water (negnilve
comiribution). Nepative hydration also takes place wicn neg?

. s
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Vd Ty
conbaibution 1s not compensatou LY posltives It 18 cloar that *th»o
more weakly oxprescscd the ruiu2l orderlincss of moluculos ol a colu-
tivn, then the less will be the role ol negative contribuiicn, and
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tonttive ”u;VQ ion .oy nov tale place at all, .ccoadang 7 tae urin
ca ue we restov fI07 in such liquides as, for eXample, vethancl and

Ctiraol, noputive sulvation L5 uobl observed.

wkew vonhected with, Lhe Cisruption ol Uhe autual cedexlineo:
ve oo toeulos ou mater In amueuus seluvaons L3 VDA puenonicatt, Gu-
Chaiowwnuer certain conditions, of sonking (inera.ose ol wuyartbicay
U e "?;uvu iun under the lusZuence of the caliing vut neut /[I1/.

.

- Cntauecds oolutlions & currcconaing sheoonwonon lis avsent accorde-
ing tooants of de 2. wishchewlo [I2, 1o/

1t Lo neccescary te noie ¢hnt in such a comparliseon there is
Snowoanlisation of the levels of loenl orace od nnlecules ;n watei
S U oon nouﬁcuoous celvents at vhwe snnmo fbmyo-a+ur~, Lor eX lp,
“u °LJG. Tho u¢5h dogroe of orderliness iu water, in corpurisc

_Ltu otlioy linuids, as pointed out u" iie ie .Lamu.)..uv /T.'/l/ ana

e i mihLbLEGIQ Zju7, LAy ve connochhd witi the [act that the
4VLLLAU poinis wiieh cusrecporu te the ;nVV;t:bﬂt 34 nonanueous
c.lvents are uonuido"obly lovier than the mcliing point o. Lcu
(bt tenperaturce at wuaich the corparlson is mhdv CXeuldl Ly con=
siderauly more the temporaturc ol weliiln, of sulid bodies,cour=-
“‘”yOﬂu;ﬂb to the nonaqueous svlvents, than the welbing ooint oi
.-.CQ/Q

a signiticent step in the lnves tigatioa of the structure of

atos wag the conce)i, pul forth in 1346, of tae occupgitaun o vl
vieiw of Lhe tetrohewral ctructurs 1147. according, te tLis concelru,
loenl order, wdehy s oirhcient to weter, wsy be cheractevised oo
wiiiaced oy the thermal aoverniont ol molsculcs wivh ohe siructure od
LeG La  acie the volds (cevitics; of thic ojen structure are 2ar-
Linlly filled by woleculoss ol wmieis The concoztb ol the occuprtiun
ol thn Irce spuces is based, on tho ons uand, ¢n the resulis ol
wosgall and \"*rfm, Wiilo suowea that the local oxrucr ol water ¢or-

copoonds to the structure of ice 1, and the avers . ccordinatlicn
numbux oi tho melocules incroaces Lrow 1.4 nt L.O0YC (coordanitaon
M 2 24 0levcules of lce ocuals four; up to 4.9 at 3% . wn tug
suhier Land, Lt 15 vased on *the fect that Jrom & nwaocs of ox)uvi on-
(AR RS cto \viscesauy, anienred apectrun, cet.) therce iIo G arclensc,
wipin 2 rice in termperatare, in the chare ol uvroken Ljyuarogen
bords in the wator, '

Thus, in water, witih an increase of tonpcenhure in tie o7 ance
“4 Aleocal order CUaru-yunu;n6 to the ctructuro ol ice i, tuu Lvoldge
corsaination nuwer of meluculos increases, and at the sore tig
tooae L8 ag inererse in the nwaver of Ure.sn aydrugeu Lonus, VU Lc
l:nds to the concent of thu ovccupation ol irve spaccs in the Struce
ture of leo by molecules ol wutor, and the rfraction oi occup;ou
LrLe Sraces anerensces wili an increase ol towperature. in nctunlity
1 wolwecule of water wulich eators the cavily ol tho ceructure turnc
Cuu to De from melucrleus whion are Jframing the cavity at o Jdistance
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ciose to the diestance Letween bhe nearest neiphbois in water, wvoi-
a)OndLnle the oscupation of the cuvity loads to an inere ov Ry
th avorage cvordination nwiacer ‘7. AOvaUx, Suergeticnll; Hhls
uﬂuculo ;a nci oquivalent to moleculos found in woq;**un, €L Ui
“¢U&;uM o4 ziructure, and the uwroken aydrogen Lonas de not roo.ona
to ite Therciors, ciergetically tae quabernary covcralaation in
vntos as reoalised only garticlly, and tihe average coordintt

-, o .
Cwdd T 0 MG Tl

vt Du ~m1~ou1o, (in a [eometric corse,; is greater theu .n oo, and
saereases witn an increace ol Lenperature.

“he cuncept of occupation of cavitics of 2 tctirahearel cicuc-
tuse akes It poscible to wnasrstand tue anomzlous properiies ol
whtzae anu, mainly, the lnererse in densiiy auwring tho melolng ol
«tcy, aad also the oxistence ol a maxiuwig of uena;ty. e aaorlies
co tie nwoelandsnm of geli-diffusion in watesr 2150 Docoms unuelshnnde
2581l “tiuey are connected wilth wow greet is the rolc oi tue troanc-
laticnal motion of moleculcs tuaroug caviticc in toc ctruvcturc,
uh

P (

seted wivh the occupation c; tho cavitics of 2 ctructure Ls tnc

cwenoinenon of stabilization of the cirvcture ol weter oy miolecules

2. certain nono ‘cctrolytos. lwolecules of the ctablllizin, admixtare ‘
oatar tiae vacenciles ol the gtructure and uinder the tronglationcl

mot*on of thr aolecules ol vater. CO?PGSpOﬂdin‘lj there is 2

lcuwering of "structural temperature" of watcr (term lutrodnced vy

sernal and iowler); wator hocomes Slore ordered 11§7.

- 1y

ie de sisucy and Y, e Jrokhorenxo 1:27 deboeted that ¢ vouin
sagls Yevel ol [luctuations of cooraination nuwbor ls Inheilrut o
vat Lue “avihb +n nind the con urat‘VQl, strongly ex;rer-.u uuiusl
oiuorliness In tihe disposition of molecules in w&tv;, tais Jret

A

sanuld be connuetua with the translational molion ol moleculzs trrog,n
ceévVabacs 0 Lhe structure; an incrcase ol coordination Nuabelr 27 oo
realized witiout breakin, the "Iramowork" ol ths stracture ol vatol.

"

o afayetry of fluctuwtlionzs of thoe coordination Awawer o

T .0
v e ubm.-\'/u
. e y - y -
Saveater L8 connocted witlhh thig circw.wtancoee 4t wos roverlou i
Eoat o Ln ovaber hnere l8oa oreducangnce in Jluctuatliong ol conruin f*u“ '
Nwbei 4n the direction of an lncrease in ot, wiolio in ligudar vatn

ve
e om

winlor structures (Aaryou, nercury) - it is in tic uirectiou ol o
Wt CPUN G

Tie deuvleomstructural medel, advanced Ly w211 in 1lode JI07,
¢can 2luoe vu connected witnn the concept ol the occu,.ntion o tihw

covitoea in the Stiucuare 24 watsl,  ..coodillyy $0 wac woal’, an
Watcy there cxists two structuroJ - an ooon totinnsurt)

] 2. N
. - . .
~va W L vaa

s xcc "nd 2 denuor structure.s  Jue OLiuLLUNCY D4 taae SoeMu, wultaw
structure 62a bu cunnucted wit. the ey odonlocklos Lnto Pl
Lhvataud of tha hotraheural structure ol lcue oo bl LeLll r) M
dowlw=dtrictural modnal &all places the concopyt that il buuuvu g
watoe i vatel arce distributed botwoen two condltions. Uil cune-
¢l i 2o 1t »oszible Lo caloulato tiwe thea.wodgnamic [avditize .

et e (5u7. it it true thet the aporoach wsed I S worl Ov

Ve




4V1~+uv and weneraga [5T7 ig More extensives, 1in 1 5N Gicirivution
2L ]ocu’v_ of water betwsen [ive ctates is oraiancd cuerel, .nnd-
el 7 Jor the nusoer cf hreokan Lrdrogen bonas (fro: 0 to 4. +t ls
nuuuv>nry to note that tae very noucl of iiemcthy #nd Lcawsnyn
Lardly corroecponds to tho stru ctural oecaliaritics of wubolr CPi,
:;;u‘patl,, is nnt conllrmed Ly A=raye

iwulin 22/ propgosed a model for the structure o watowy wiieh
& H i

Viou u“;u on tin ctructore of aQydrates of gotes, webhano for crallde.
PIVIISRS Zdﬁf”, tuese ayuratoes arce blauﬂlitn uoerunu“' t1e .cleculos

' ~ N " - - - 1
YV QQ: o uL J“M Suan *h” bwv_+ADu NL 1”” Lqu‘ k &OIMVQ 5& tdu
-1 - i ‘ ‘ h] + - cre .
Sleculon g f&t»;. ccorually te sadling, the °t¢ubtur? ou wetir

up;?ohyoﬁds o the st;“ctu:, ol 2 Lyurnte nl gar Iy wde.: e wmclee
cwlus ol ot oare caustlituced ¢n; 0leeulss ol vnbor, Vaker, tecord-
<Ny tootulis twedel, Ls on clatrrite “Lydrnte o vaterls" o ciadlar

weavl, An owmeach 2ll the m~7ﬂ0“<35 Cu o ko Jomm 00iT Aryre

L
BT S Y
cometrlienl ""'”Ouuh bouus (truc, somewhot u-uu““tcd, TaAn Cadvefa

3

[VAMERY 3 U‘. w-u...vAh’OV [3 0470

Jeanlt and 8Qllsl ‘::7, SUSTEMDG Lrtia Yo cositlon vt Lol L
Ut owolecuwlee Lo et v ody tie ;1340WCPV 24 the ztr Jhovr,
ot rgaugy the gavitiaes o4 the dreaweir, crlorlavu the vl Tl L L
avy Contrionblon ol vabe D turirudyraade petoatiul, wvd marlveu
*Horalabtloacali)s dcooeribing cucu anduelows woguehlcs ol vttt 7,
400 rMapu, b coclliciort od Thuamll sMotLtione Jhe o Lorle ritul

il el worll by avenlk ana Cudst aay be doteriloua L b Oollolavg
HRS R P3N

ngworls ol the UL'”“ttlu, enag (J=F ) *uv Iraction of aoleculueo
T ¢ound in thio cwvibier ou thw drmactork. une ol bl Lol
svvursdratics ou wates wioluvcules which arc ccecuring tiae caviidius
o 7ogrecwork A, acenrding fo eenn’ and Quact, thot tlacce L0lo-
Cuive Wu not zouupy volurms, Jhaen the nwle voluee ol rator

Y =fl/h , ¥

:AVAM V?; - 0le voliuiu o4 the Lraiewnsts,

Les f w2 the mole Jrectlon oo ol ocudw. ol wntir malring upe
Lra
’:\

N

RSTHS TIRVEAR OIS
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Teebe e wuracharl e piment ol e cova Mielent ) el o a
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Toee suanway of molar volwas ol vnter Lo oconncehed wotll Jhe _resangu
1 (ov,

a7 PR #-'\r - —

o coeative >0 ana ncgetlive coutelbations a fac counli-
R V,.\er

ceuwnt ou thaecal orpanalon of water, WLl ol ol sponll oo et
AT 2N LCU e an Livestigatlion ol Khoce odlots vl fan octupntion
ol LT CAVLTace an ThA stmicture ol wiiter lecur t0.  Lb Lr o viiooTrany
toongs ront altheugl) sera 2nd Tuist cennect Caclr celevlation wiin
o laed 04 Yauling, thie guonctrr o8 Uno Jraoowopln Ie owred oo, TLih
TGl Wl ddgives at Lo chignadicont only it thic fomiacvolls
whowrrw tle o ranilivy of Jalling te cavatiis,

Saese ko prent Litorelt Lw YR Lul oD Weaoong “uwlst thut
s wuUUeCTiun Woth Lhe Aib; dope'c Y Un ogee vt 0o Tl sdeld an wiil
cavabtler (L thwo ‘La.fwh yoyls the Nlecules SL Lt Y, U,A*wu-‘.i..'.‘,u ~ate
tie vialtiud, UuC ity rﬁn.vurh'u¢7;u," SLCo Lha ploawalliy ol thw

sorotlion ol Wleccting vinus | NJ7, K ?u// i lessrnuu. an 2'Llw
Woatae wbedrooling \truc, unly artinllr) ol tuc awleculer AL ot
ontoring bae cavation od the Jroocwork F e ~1a‘ﬁ '
et comcirtntance which nmaies a‘::lo tan noccuypaticn
tiezt L oaiclecule, en tor-ru ‘\fo thae cevity ol the CrA. e, antoue
Cta vonparatively weakly uth tan olucules aliing up t“: ira e o4
the cavitye
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westd Vo u..uq)c aehlily Lavernole wtus
Soen d wo o L [P e
Caovntor soering o P JAPIL SR AP ENES RNt a8}
1

1
1
- WONUe -l letrniodrvng el -
Lofa Su o wulcoculus vl ek oa,

vi Jav Uoantereost Lnocurnetion Wil el aliveltl o tas s L L
Yract e L ovatos are bBhe ronulius T4 oh Tl O wme Ll - e,
;:7. Javee Laeiinrt, on ot Laslio a0 thoar Nere, lacertIgttaen ol
Wato, hitniold 8 ocwave 2 sondlnl owlstribabion (urttava, T T cYe

Cou.vuu thnt too luual Areur AN vatse culrre vy Al
stractire 0 Lo i, diifucta and asstortad Ly Vo bhel Y el vy

3éowlecul rmy, ovata cardinlly JA1Ven envatisae WIOITNLLG 4 L oWl

< eael, witinoa cnleulatioa o‘ 111 dnteoamclecular ulnt oo oW am v
X, thie dunction od radlial uistritution wuas cileulatia. Tl
ngnd tha ulrtortivaus an Lz coructure 24 4ol "RU b a0 04

CCupiuu cAavitios at widch the caleulatod curve o rewlal uwlinty!
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ng with that ovinined cxporinuatelly, wid e etlicuilated

el -

“
wucity coanvides with the oxperinicnial vilae 24 ube qvnq*by Y
tere  un the busls of the caleulation buntdufou, wa s “nu Loevy
¢ oae S0 the gomzlusion tmht an watoe 2t 2090 Lalidl ol ;ll PR LAV
tlcnoan Yo seructuar: of ice aro occuyNl icd and tiaat Jdlistostions od
-

bou aPALerork 1cad to an uncaqui ivalence of a.stances wotrraen NGapule
virlag nlocules of wat re  an thc {raneverk och muluoalg cu

Il LAs one nagpghboring olegule at a alstance oi 2477 X, wnd
Poror = ot a distancs ol 2.94 00 (ca thc averagu, “gﬂﬂ"u‘nb te tus

t2 ol wansord and Levy, tncouistanCcs vetwee QJc¢U“uh1;HQ "0lo-
cules oi water in 'ator et 200 comprises 2
L UwCvVious yocultue).

]| ,'4’

e gy Viaaevll

LT FPIER
e
-

Jue Jeet of tac wncqudvnlonce of i@ alstancss ootvien Moighi-
vaoan, wlocules an owater 1s ool greet intescot, ciace Laovatolr tvo
coleCuwlos can Jor noncnivialent Qydaro un oonus otatlor alrror-

-y e e W Am.&---
Syee wAricnl ond Jess gstallien uuuu‘“-“;m.efrv 01 )e Lot ailt Jovore

~ulo wlstelilation of nelgiihnaedl, 2olcoceules, corres_onuin, b0 bl
arrCo=snitcteienl ;Jdrcbur SONU, Af Sawwn A LD ATIIN e ..
contore cyvmvwtolical alstrlioation is obtainad L, ,ur“* B TN o e

..

totiaiuarons arcund the dircectlon ol tuac uﬂ“u ~; 3C%e  Thwre s '
cousatd anverast In the circuastance thnt Lo i oot Sl hedle

4000 2Ne drror=saarotracal and turee uuwt*‘-"y:;@f‘;cwl arfgen
e srarcutly o cuch a cuar ound;nb i8 alce nwst ﬂvox-;lu in

g, wore the alstance od 0,V7 X whica wao ;ounu VY Whaansa 2Na

Zuvr o gorrenponac te the rdrrove-craictilenl, and tie firoe JUntancos

PR b 0y N .
o8 Tevt X - Lo the uuntor-"ymﬁutrlcul ooNds e Lac ototod o LuitaTaer

Ty T aw A Py EREN . . - et DR -
_a.'u..‘“u.l.} Cuiwe JIMS OO CulrTPeLIce s C.L the <.".'*uhl O Yaaolt u__?_‘,_l_

- ov-

7 Lovy tased thndr worl,  Thoe dostributlior od Lolocudlos ol omtos
<ty cevatlos of U dramovosls viidclt vas dotoclod o watiiiza TG
S amaertor the oastial Linding ol thitec w uu;’M:. Tav Loed?
CiTea Lo :»vﬂvt;r“ Ta LT LOS 0 Ladod 20 w0b sy vatow U
Coore Wl v wenlend vnd Luvye

SROUSTUTICE S AL C CAGmnCw only e sreblom 20 S alstriua-
Youi we thomu al oxypen An o ator At torperttacit e AP U0y Yo

w.lTeral Jrew the b .‘JQ‘A"\tlLY“L‘ Ca ..U;:.‘...u Q4 LCu \~‘\'\’(\L'U). ™
Tooeman toe soeblom o of Lo adstiuoution o4 rolone, tatn LU of Lo
e oLl Znd TU o cannct Do otnNtluerned clonrou Ugpe wlT il BaTul,
«% L0 T gusdalry t0 nale Lt in cunnection il tooe I2Tuwael a
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